Abstract-Cylindrical permanent magnet brushless machines are used in the biomechanical energy conversion device, mounted in a backpack, to harvest energy from center-of-mass motion during human walking. Optimization of motor constant, indicating torque efficiency, is studied. The optimal ratio of the stator bore diameter to the stator outer diameter, the so-called split ratio, is determined analytically to maximize the motor constant perunit volume of the machine. The influence of winding disposition, tooth-tips and end-windings are taken into account appropriately. The optimization procedure is implemented using a 40 W brushless dc machine.
I. INTRODUCTION
Portable electronic devices such as cellular phones, music players, and personal digital assistants are primarily powered with batteries. Although significant endeavors have been made in increasing the power densities of batteries, battery capacity, weight, temperature sensitivity, and perpetually prowling for outlets to recharge them are limiting factors for today's portable devices.
Among suggested alternatives for batteries, harvesting biomechanical energy, the energy from human motion, is a promising option. Various motions such as heel strike, joint motion, center-of-mass motion, and horizontal foot movement have been considered as energy sources for biomechanical energy conversion [1] . The authors in [2] proposed single-phase and three-phase linear permanent magnet (PM) generator topologies to scavenge energy from horizontal foot movement. Three dimensional Finite Element Analysis (FEA) is provided as well as analytical modeling to show the practicability of the suggested candidate. This study has focused on center-ofmass motion. During walking, the hip, which coincides with the center of mass for the entire body, follows an up-and-down motion [3] . This means that any object carried by a human will follow a similar trajectory. A biomechanical energy conversion device built in the backpack as in [4] is needed to convert this energy.
For the actuation part of the energy conversion device, a linear PM coreless moving coil generator topology is proposed in [5] and a detailed design procedure is discussed. In lieu of using a linear generator, we use a PM brushless generator in this study. One of important design parameters for PM brushless motors is the ratio of the stator bore diameter to the stator outer diameter Ds Do , the so-called split ratio, as it has a significant influence on the torque capability and efficiency. Special characteristics of the intended application convinced authors to consider optimization of motor constant, expressing torque efficiency, rather than torque, as discussed in [6] . In fact, motor constant describes how efficiently a motor produces torque as a function of the I 2 R losses incurred in the production of that torque [7] . In this paper, we strive to determine the optimal split ratio for maximization of motor constant per unit volume of machine. A relatively simple model has been studied initially to obtain the optimal value of the split ratio to maximize the aforementioned objective function. In further steps, we have made the model more detailed and accurate by considering the influence of winding disposition, tooth-tips and end-windings. Optimal solutions have been found analytically and are plotted properly. LA052-040E [8], a 40 W brushless dc motor, has been considered in the optimization procedures.
The output of the generator is an ac voltage. As the electronic load needs dc voltage to operate (as an alternative for battery), a power converter should be utilized to generate the dc voltage. In this study, direct ac-to-dc converter as addressed in [9] is considered rather than conventional two stage converters that seem inappropriate predominantly from efficiency perspective for this type of application. This power converter is shown in Fig. 1 . 
II. OPTIMIZATION OF MOTOR CONSTANT
For a PM brushless motor, the motor constant is defined as [7] :
where B g , R ro , V wb , and ρ are the air-gap flux density, the rotor outside radius, volume of bare wire in the slot, and the resistivity of conductors, respectively. For V wb , we have
where 
Considering the motor volume as V = π(
2 l a , the equation for the motor constant per unit volume is
For motors with a non-overlapping winding, the slot area, A s , can be expressed as
where p and B max are the number of pole-pairs and maximum flux density in the stator iron, respectively. By substitution of (5) in (4), we have the closed form of the objective function as
where
The optimal split ratio for the maximum motor constant per machine volume can be obtained by differentiating K m /V with respect to x = D s /D o , and equating it to zero. The variation of optimal solutions with B g /B max for different numbers of pole-pairs are shown in Fig.  2 . The optimal split ratio reduces as B g /B max is increased, as the higher the ratio B g /B max , the wider the stator teeth and the thicker the back-iron that is needed to maintain the same level of saturation. Figure 2 also shows that the influence of the pole number becomes more significant as the number of pole-pairs is reduced. For a given ratio B g /B max , the optimal split ratio increases as the number of pole-pairs is increased as the thickness of the stator back-iron reduces and the slot area increases. Thus, the stator bore diameter for constant copper loss increases. Fig. 2 .
Variation of optimal split ratio of
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for motor with nonoverlapping winding.
III. INFLUENCE OF WINDING DISPOSITION ON OPTIMAL SPLIT RATIO
In the preceding section, an analytical expression for the optimal ratio was derived for a specific motor having a nonoverlapping stator winding. In this section, the analysis is done for an overlapping winding, a sinusoidal air gap flux density distribution and 180
• electrical brushless AC operation. For motors having a distributed overlapping winding, the number of series turns per phase N w is replaced by the effective number of series turns per phase K dp N w , where K dp is the winding factor. Therefore, V wb can be written as
K dp Nw Ns
Consequently, for the motor constant we have
The equation for motor constant per unit volume can be written as It can be concluded from the figure that the optimal split ratio in a motor with an overlapping winding is smaller than that for a motor with a non-overlapping winding.
IV. INFLUENCE OF TOOTH-TIPS ON OPTIMAL SPLIT RATIO
In the forgoing, the influence of both the stator tooth-tips and the end-windings has been neglected in order to simplify derivation of the analytical expressions. However, tooth-tips are usually required, not only to maximize the coil flux linkage but also to achieve a high phase inductance. Assuming rectangular shaped tooth-tips, as illustrated in Fig. 4 , the stator slot area can be rewritten as
where h t is the height of tooth-tips. Substitution of (11) in (4), yields the
where Q is The updated closed form of the objective function is
As the term ht Do is negligible in our considered model, we have treated this term as a constant value in our calculations. Figure 5 shows the influence of the tooth-tips on the optimal split ratio for a four-pole machine equipped with a nonoverlapping winding with D o = 50 mm. As can be seen, a tooth-tip height of 4 mm reduces the optimal split ratio by ∼ 20%. 
V. INFLUENCE OF END-WINDINGS ON OPTIMAL SPLIT RATIO
To account for the influence of the end-windings, the active length of the coils, l a , in (2) is replaced by (l a + l e ), where l e is the average total length of the end-windings. These are assumed to be semi-circular for both non-overlapping and overlapping windings:
where K dp is the winding factor. In (15), the influence of winding disposition is also considered where the number of series turns per phase, N w , is replaced by the effective number of series turns per phase, K dp N w . Considering end-turns, the expression for the
The closed form of the objective function will be
for non-overlapping winding and
for overlapping winding. Optimal solutions can be obtained by differentiating K m /V relative to x and equating to zero. Using the analytical method of solving third-degree monic polynomials, we have
The term f is calculated as f = e + l a using corresponding values of e for non-overlapping and overlapping windings.
We have three solutions to the (27) with a feasible value for the optimal split ratio, Ds Do , being a real value in the range 0 < Ds Do < 1. Figure 6 compares the optimal split ratio for a machine with a non-overlapping winding with and without consideration of the end-windings, assuming the same parameters mentioned previously. It shows that the optimal split ratio is increased when the influence of the end-windings is taken into account.
VI. CONCLUSION
The optimal split ratio for PM brushless machines in biomechanical energy harvesting applications has been derived analytically, considering the influence of the winding disposition, stator tooth-tips, and the end-windings, to maximize the motor constant per-unit volume. It has been shown that the optimal split ratio is influenced considerably by the number of poles and the ratio of the maximum air-gap flux density to the maximum stator flux density. Also, the optimal split ratio Fig. 6 . Influence of tooth-tips and end-windings on optimal split ratio, p = 2, Ns = 6, Do = 50mm, non-overlapping winding.
is increased when the influence of the stator tooth-tips and end-windings is taken into account.
